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Most existing techniques for accurately measuring angular eye position vs time during a saccade
(the saccade profile) need either contact to the eye or are restricted in time resolution. In this paper
we introduce a new noninvasive method, with high spatial and temporal resolution, for determining
saccade profiles using a scanning laser ophthalmoscope (SLO). This method uses the fact that
images of a moving object taken with the SLO are not blurred (as are images from video cameras)
but show a tilt with respect to images of the same stationary object. A mathematical framework is
given that allows determination of a saccade profile from a restricted number of consecutive SLO
video fields of the fundus during a saccade. The angular resolution obtained by this method is below
0.1 deg, and the maximum time resolution near 1 msec. Measured saccade profiles could be well
approximated by a gamma function, the first derivative of which yields the saccade velocity profile.
Measurements of peak saccade velocity as a function of saccade amplitudes (main sequence) using
our method show good agreement with results obtained by other authors. Copyright @ 1996
Elsevier Science Ltd.
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INTRODUCTION
Saccade profiles (angular eye position vs time) and their
first derivatives, saccade velocity profiles, are of interest
in both basic and clinical oculomotor research. In basic
research, for example, peak saccade velocities have
recently been used to investigate the effect of target
predictability (Bronstein & Kennard, 1987), differences
in centripetal and centrifugal saccades (Pelisson &
Prablanc, 1988), and the effect of target oscillation
frequency (Lueck et al., 1991). Van Opstal and Van
Gisbergen (1987) demonstratedthat the saccade velocity
profile is not symmetrical about peak velocity and
developed methods for quantifying the skewness. In
clinical research, saccade velocity profiles have been
recognized for some time as useful indicators of
neurological disorder (Baloh et al., 1975). More recent
clinical research has investigated the effects on peak
saccade velocity of drugs (Richens et al., 1993),
Parkinson’s disease (Nakamura et al., 1991; Rascol et
al., 1989), Human Immunodeficiency Virus (HIV)
infection (Merrill et al., 1991), and aging (Wilson et
al., 1993).
Many techniques have been used to record saccade
profiles including the contact-lens optical-levermethod,
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the electro-oculogram,the scleral search-coil magnetic-
field method, and various instrumentsthat measure light
reflected from the anterior surfaces of the eye. In this
report, we describe a new non-invasive method of
measuring saccade profiles using images of retinal
vessels obtainedwith the scanninglaser ophthalmoscope
(SLO).The SLO hasbeen usedpreviouslyto measureeye
movements (Timberlake et al., 1986; Ott & Eckmiller,
1989;Timberlakeet al., 1989,Ott& Daunicht, 1992)by
measuring the positionsof retinal features in long series
of video frames, but the time resolution of such
measurements is not sufficient to delineate saccade
profiles.We have found, however, that images of objects
moving rapidly through the SLO laser-beam raster are
geometrically distorted and that saccade profiles can be
determined by measuring the distortion of a retinal
feature during a very limited number of video frames.
These measurementsare possiblebecause the images of
objects moving rapidly through the SLO laser-beam
raster, although distorted, are not “smeared” or+$mred,
as are images from video cameras. This is because light
reflected from the retina is measured instantaneouslyby
the SLO rather than being integratedover a fieldas it is in
ordinary television.
METHODS
Basic principle of saccade projile measurement
The SLO laser-beam raster pattern consistsof a series
of parallel scanned laser lines (Fig. 1) whose synchroni-
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FIGURE1. Schematicillustrationof the SLOlaser beam scan process.
The laser beam starts from one side of the SLO raster and sweeps
across the retina during the scan time t,s 52 ~sec. Then it is reduced
in intensity and moves back during the time t,=12psec in order to
start a new sweep at the next line. This procedureis repeated312times
for each video field (PAL).
zation and timing are identical to standard video rasters
(PAL, RS-170).Each horizontallaser beam sweepbegins
with the laserbeam on one sideof the raster, for example,
the left. When gated by a synchronizationpulse, the beam
moves across the retina at constant angular velocity for
the scan time t,= 52 ~sec (PAL standard). It is then
reduced in intensity and returned to the left side of the
raster in ca 12 psec (the reset time) for another sweep.
The total time for one scan line is thus tf= 64 #sec. The
beam starting position moves downward slightly and
another sweep begins.
A complete PAL video frame of 625 raster lines is
generated every 40 msec (i.e. 25 video frames per
second). Each’video frame, in turn, is constructed from
two sequential,interlacedvideo fieldsof 312.5horizontal
raster lines that are generated every 20 msec (i.e. 50
video fields per second). Thus, a video frame is
constructed by generating raster lines O, 2, 4,..., 624
during the first 20 msec (field 1) and then generating
raster lines 1, 3, 5,..., 625 in the second20 msec (field2).
During a horizontalsaccade,vertically oriented retinal
structures such as blood vessels appear to bend in the
SLO image, tilting towardsthe horizontal.The reasonfor
this apparent bend is illustrated schematically in Fig. 2.
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FIGURE 2. Generation of an SLO image of a horizontally moving
retinal blood vessel. While the laser scan line propagates downward
through the SLO raster, the blood vessel moves leftward from its
original position. Tbe resulting video field contains a tilted image of
the vessel (indicatedby dark horizontallines).The amountof this tilt is
related to the velocity of the vessel.
While the horizontalmovementof the laser beam is very
fast, the vertical propagation velocity of scan lines is
comparable to the velocity of the moving blood vessel.
Thus, as the scanned laser beam propagatesfrom the top
of the raster toward the bottom, it intersects the moving
vessel at progressively more Ieftward positions. The
resulting SLO image shows a vessel tilted to the right
with respect to an image of the same stationaryvessel. If
the vesselwere to movefrom left to right in the raster, the
image would show the vessel tilted to the left.
The tilts seen in successive SLO images of a given
FIGURE3. The proceduredevelopedto determinethe saccade profile~(t).(a) Shapesof a given vessel obtainedfrom several
subsequent fields n = 1, ., Nf n = O denotes a stationary vessel. (b) The profile of a hypothetical saccade obtained by
subtractingthe angles of the “movingvessel” images from the correspondingangles of the “stationary vessel” image. Gaps in
~(t)occur, because tbe vertical width of the SLO image is less than the vertical width of the video frame (see also Fig. 8).
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blood vessel during a saccade can be related to the
saccade profile. To obtain this profile, several digitized
video fields, one imaging a stationary vessel and the
others the same vessel during the saccade (“moving
vessel”), must be compared. The measured profile can
then be mathematically fit by a convenient function and
velocity determined by differentiatingthe function.
The method is illustrated in Fig. 3(a) which shows a
schematicplot containingn = 1,..., IVfsuccessiveimages
of a moving vessel during a saccade as well as the image
of a stationary vessel (n = O). To obtain the angular
profile of the saccade, the x-positions of all vessels are
measured at Ni fixedy-positions,yl.. .,yNi.Bothx- andy-
positions are measured in pixel units. Time and angular
units are obtainedby multiplyingx by the visual angle 4P
between two horizontally adjacent pixels and y by the
time difference tP corresponding to vertically adjacent
pixels (the calibration procedure for obtaining these
factors is describedin the next section.)The ithx-position
obtainedfrom the nth field is then @n(i).If the time origin
is set to the start of the first field, the time of the ith point
within the nth field is approximately
tn,ic (n – 1) . Tf + tpyi (1)
where Tf = 20 msec is the total time difference between
two fields.In Eqn (1) the scan time t, has been neglected.
Within the time interval tn,i– to,i= nTf, the vessel has
moved about the angle
A+.(i) = #.(i) – #o(i) = (x.(i) –xo(i))#p (2)
The saccade profile function (@) [Fig. 3(b)] is then
definedby Eqns (1) and (2) yielding the relation
r#(tn,i)= A@~(i),i = 1, ...,Ni, n = 1, ..., iVf (3)
FollowingVan Opstal and Van Gisbergen(1987), this
profile will be fit using the integral over the gamma
distribution (we will refer to this as the “gamma
function”)
(-’rex+%’)d’‘4)d(t) = J) p
with the fit parametersa, P, y, and to.The velocityprofile
v(t)of the saccade then directlyresultsas the inte rand of
F,Eqn (4) and its skewness is given by S = 2/(7) / .
Calibration of the SLO raster
In order to use Eqns (1)-(3) for the evaluation of the
saccade profile, the visual angle 4P between two
horizontally adjacent pixels, and the time difference
corresponding to vertically adjacent pixels, tpmust be
determined. The methods for performing these calibra-
tions are described below. All calibration measurements
were performed on individualSLO video fields.
To obtain the time calibration factor tp,single SLO
video fieldswere displayedon a monitor using the VCR
“freeze frame” feature and digitizedusing a MatroxPIP-
512 frame grabber board that provides 512 x 512 pixel
bitmaps with 8 bit greyscale. (A comparison of the
displayed video field and the corresponding digitized
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FIGURE 4. (a) Digitized SLO video field taken from a smrare grid
(constant 2 cm) on a sheet of paper, which was located ;ertic;lly
38.2cm in front of the SLOlaser focus. The bend of the vertical lines
reveals a trapezoidaldistortionof the SLO raster. (b) The nonlinearity
of SLOfrmdusimagesdue to the distortionof the SLOraster and to the
spherical shape of the retina can be corrected to first order, when a
linear term A@) is subtracted from each vessel profile, the slope of
which dependson the positionX(yc)of the correspondingvessel.
image revealed that each horizontalscan line in the video
field was duplicated in adjacent rows of pixels in the
digitizedimage.The duplicatedlineswere ignored.)Each
nonduplicated row of pixels in the digitized image
correspondsto a single scan line in the video field, thus
the time calibration factor, tp, is the generation time for
one scan line, namely tP= tt= 64 psec. The digitized
SLO retinal image field contained only 228 out of 312
possible horizontal scan lines, corresponding to a total
time of Ti = 228 x 60 psec = 64 msec for the generation
of one SLO retinal image field.
The horizontalangularcalibrationfactor was obtained
by scanning a planar sheet of paper containing a square
grid of lines with a separation of 2 cm, positioned
38.2 cm from the laser beam scan focus. The resulting
image was digitized [Fig. 4(a)] and the angular extent of
the field along the central horizontalline was determined
from the -5th and the 4th grid lines (relativeto the central
vertical line) using the relation ~. = arctan (nAx/l),
Ax= 2 cm, 1= 38.2 cm, n = –5, 4. Using linear extra-
polationof the tangentfunctionat the bordersof the field,
the horizontal angular extent of the digitized SLO
video field at the level of the central horizontal line
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w’asfound to be @= 30 t 0.3 deg. The corresponding
horizontal visual angle per pixel then becomes
4P= (5.85 f 0.05)x 10-2 deg/pixel.
Erroneoussaccade velocity measurementscould occur
if the retinal size of the raster changed during an
experimental session, in effect producing a different
rastervisual angle.This mightconceivablycome aboutif
the subject’s eye moved axially inward or outward
relative to the SLO, shiftingthe axial locationof the laser
beam scan focus (also referred to as the “laser beam scan
pivot”) in the eye, or if the laser beam scan focus shifted
laterally in the plane of the pupil. Ray trace computer
models, however, indicate that retinal raster size (retinal
arc length in pm) varies by <2’%over the practical range
of beam scan focus positions. In addition,measurements
of retinalblood vessel separationsmade as the beam scan
focus was moved in the plane of the pupil, c. 2 mm from
the pupil center showed that raster size decreased by
about2?Z0.Thus, retinal raster size is relativelyinsensitive
to changes in the positionof the beam scan focus relative
to the eye’s axis. These results will be described in
greater detail in a later publication.
SLO raster and image distortion
The derivationof the methodfor saccademeasurement
given above requires a linear relationship between the
visual angle of a given object and its location within the
digitizedSLO video field.Due to the contributionof two
effects, however, this relationship is nonlinear. First, as
can be seen in Fig. 4(a), the raster of the RodenstockSLO
shows a roughly trapezoidaldistortion.This is a result of
“off-axis” optics used to form the raster, not a result of
the image formation properties of the SLO: the
trapezoidal distortion of the raster can be seen clearly
on a piece of paper held in the SLO laser beam. Second,
image formation properties of the SLO may also cause
image distortions of the spherical retinal surface. In
particular, since the angularvelocity of the laser beam is
constant, a spherical surface with its center at the beam
scan focus will be imaged without distortion.Thus, the
“image plane” of an SLO may be understoodas a sphere
with arbitrary radius around the SLO beam scan focus.
The spherical retinal surface, however, is not necessarily
centered at the beam scan focus, hence the retinal surface
deviates from the SLO image surface resulting in a
distorted image of the retina. Raytrace computer models
indicate that both “barrel” and “pincushion” distortion
(i.e. both shorteningand lengtheningof features near the
edge of the raster) of the retinal surface in SLO images is
<1.5% for realistic beam scan focus positionswhen the
eye’s optical axis is aligned to the SLO laser beam axis.
When the eye deviatesfrom this position(e.g. by looking
upward), however, the distortion will be increased.
Therefore, the imaged shape of an object on the retina
(e.g. a blood vessel) dependson the orientationof the eye
and therefore on its positionwithin the SLO video field.
Distortionsof the retina in SLO imagescausedby both
factors described above can be corrected, provided the
eye assumes a fixed vertical angular position (i.e.
assuming strictly horizontal saccades). Our correction
method is based on a transformationwhich acts on the
imagesin a way that after the transformation,the shapeof
a given stationary blood vessel is independent of its
horizontal location in the raster. The transformationwas
determined by taking a series of images of the subject’s
stationary fundus for a fixed vertical and different
horizontalocular orientationsand evaluatingthe position
dependence of the shapes of a given, approximately
vertical, blood vessel. This evaluation revealed a
trapezoidal character of the necessary correction trans-
formation. A first order approximate correction was
performed by adding a linear function Ax(y),where:
Ax.(y) = a(x. (yC)– xC) . (y – y.) (5)
to each measured profile [Fig. 4(b)]. In Eqn (5),
XC= y. = 256 are the centers of the digitized retinal
image in pixels and n numbers the successive vessel
profiles(Fig. 3). The coefficienta, which was found to be
nearly identical for the two subjects tested, was
determinedfrom the measuredprofilesas a = 3.8x 10-4.
The correction procedure [Eqn (5)] is crucial for
accurate measurementof saccade velocity. For example,
supposethe digitized image of a stationary retinal vessel
located at x = 400 in the digitized image is perfectly
vertical. Ignoring the duplicated rows of pixels in the
digitized image, the vessel profile includes the points
(400, 28),... (400, 256),... (400, 484). To find the un-
distortedshapeof the vessel,Eqn (5) is appliedto each of
these points yielding (388, 28),... (400, 256),... (412,
484), indicatingthat the undistortedvessel is slantedfrom
the upper left to lower right. The total correction
produced by Eqn (5) is Ax= 412–388 = 24 pixels, or
using the angular calibration factor 4P, Lx = 1.4 deg.
Now, suppose we treat the uncorrected (vertical) and
corrected(slanted)vesselsas thoughthey were imagesof
moving vessels. The apparent velocity of the corrected
vessel would be 1.4 deg/14.6msec = 96 deghec, while
the apparentvelocity of the uncorrectedvessel would be
Odeg/sec. Thus, if saccade profiles were measured by
comparing moving vessel profiles to uncorrected sta-
tionary vessel profiles (instead of corrected stationary
profiles), we would over- or underestimate the true
angularvelocity by 96 deghec, a significantamount.
The procedure described above can correct for all
distortionsthat are common to all retinal vessels, that is,
distortionsof the SLO raster itself, or distortionsdue to
deviationsof the retina from the SLO image sphere. The
method for measuring saccade profiles described above
then becomes applicable.The correction transformation,
however, depends on the geometry of the eye and its
vertical angular position during the saccades, hence a
calibration procedure is required for each subject and
vertical retinal position.
Saccade recording and measurement
To obtain image sequences of saccades, the subjects
(two of the authors)performed horizontalsaccadeswhile
SLO images of the retina were videotaped. Conscious
movementswithoutguidingstimulias well as guided eye
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image (Fig. 5). This positioningfacilitates evaluation of
vertically oriented blood vessels located below the optic
disk and provides a fixed vertical eye orientation.After
these preceding steps the subject was asked to fixate the
light jumping back and forth between the two positions.
For the presentwork, video fieldswere digitizedusing
a DOS-PC equipped with a Matrox PIP-512 frame
grabber board. The digitized images were converted to
the Windows Bitmap format so that they became
available to standard Windows applications. For each
saccade, a series of successivevideo fieldswas digitized
and converted, where the first field contained the
stationary image directly preceding the saccade (Fig.
5). For each of the resulting bitmaps, the profile of the
vessel was determined by measuring the positionsX(yi)
for every tenth pixel @i= IOi+ yo)using standard image
processingsoftware(CorelDraw!).To correct for smally-
shifts, the counting process was started from a given
landmark at yo, for example a vessel bifurcation.
RESULTS
Typical saccade profilesfor the two subjects,obtained
from corrected video fields, are shown in Fig. 6(a) and
(b). The profile in Fig. 6(b) was obtained for the bitmaps
shown in Fig. 5 (only three of four images are included).
The measured profiles (small dots) vary smoothly with
time and show only small deviations. This behavior
demonstrates the high precision of the present method,
which allowsangularpixel resolutionsas small as 0.1 deg
of visual angle corresponding to about twice the
horizontal width of a pixel. The shape of the saccade
profile,which results from fittingmany measured points,
may be determined with even higher accuracy. Figure
6(a) shows the profileof a saccade with an amplitudeof
1.5 deg. Saccade profiles with amplitudes as small as
0.7 deg could be clearly resolved using the present
method.
Mostof the measuredsaccadescouldbe well described
by the gamma functionsuggestedby Van Opstal and Van
Gisbergen (1987).The best fit functionsobtained for the
saccadesare shownin Fig. 6(a) and (b) as thin solid lines.
The fits, which were obtained by a simple least squares
algorithm, could be used to evaluate the saccade
amplitude, the velocity profile (including the peak
velocity of the saccade) and its skewness. The primary
fitparametersW,~, y,andt.definedin Eqn (4)were found
to be highly sensitive to the measured data, because
different parameter sets can lead to very similar curve
profiles.In particular this results in a high variability for
the skewnessS, which was found to vary from 0.25 to 0.5
for different saccades as well as for different fit runs for
the same saccade. In general the skewness obtained is
much lower than the valuesgivenby Van Opstal and Van
Gisbergen (1987). The shape of the angular profile and
the velocity profile as well as the peak velocity, in
contrast, could be reproduced with high accuracy for a
given measured saccade profile.The velocity profilesfor
the two saccadesshownin Fig. 6(a) and (b) are plotted in
Fig. 6(c) and (d).
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FIGURE6. Saccadeprofilesobtainedfromsequentialdigitizedfields(dots)and the best tits usinga gammafunction(solid line)
(a) for a 1.5deg saccade and (b) for a 9.5 deg saccade. (c) and (d) showthe correspondingvelocityprofilesobtainedas the time
derivative of the fit curve.
Proceeding from these results, the dependence of the
peak velocityon the saccade amplitudewas measuredfor
the two subjects. For large saccades, where the vessel is
outside the video field at the final eye position, saccade
amplitudes were estimated from the geometry of the
guiding flash lights within the visual field. The results
obtained for two subjects are presented in Fig. 7. With
increasing saccade amplitude, the peak velocity first
strongly rises and becomes saturated for saccades larger
than 20 deg.
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FIGURE 7. The peak velocity vs saccade amplitude obtained for 13
saccades recorded from two subjects. The peak velocity strongly
increases for small saccade amplitudes and saturates for amplitudes
>20 deg. l, Guidedmovements,R. S.; A, guidedmovements,M. S.;l, unguidedmovements,M. S.
DISCUSSION
The method of measuring saccade profiles using the
SLO described here yields results that are in good
agreement with measurements using other techniques.
For example, saccade profiles shown in Fig. 6 are quite
similar in shape to those in the literature (e.g. Robinson,
1964)and are well-fitby the function developedby Van
Opstal and Van Gisbergen (1987) to fit saccade profiles
measuredusing the magnetic-field,search-coiltechnique.
The peak velocity vs saccade amplitudecurve (Fig. 7) is
also in general agreement with those in the literature.
Peak saccade velocity rises rapidly with saccade
amplitude to c. 20 deg, then begins to “saturate” as
found by others (e.g. Boghen et al., 1974;Van Opstal &
Van Gisbergen, 1987). The present peak saccade
velocities are also in good agreement with previous
results, althoughthe limited number of data points in the
present work prevent detailed comparison.For example,
peak saccade velocities to the 30 deg stimulus in the
present work were 450 and 476 deg/sec (Fig. 7). For the
same size saccades,others have found peak velocitiesof
400-500 deg.hec,dependingon the recording technique,
subjects, and stimulus conditions (Van Opstal & Van
Gisbergen, 1987; Lueck et al., 1991; Bronstein &
Kennard, 1987). In the present results, peak saccade
velocitiesfor the largest amplitudesaccades (41 deg) are
somewhatlower than those reported in the literature and,
in addition, are lower than those for the 30 deg stimulus
(Fig. 7). These low values may be due to differences in
technique, variability among subjects, or because we
overestimated saccade amplitude for this stimulus as
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described above. Finally, no systematic differences in
peak velocitywere observedbetween visuallyguided and
self-generated saccades.
For consistency with previous work, we used Van
Opstal and Van Gisbergen’s(1987)gamma functionto fit
saccade profiles. There seems, however, to be no
theoretical reason for using this function, and, as
mentioned above, different parameter sets yielded very
similar fits to the data, casting doubt on the utility of the
parameters to characterize the profile.A variety of other,
model-independent functions, with fewer parameters
(e.g. Fermi function, hyperbolic tangent), will also fit
the data and may prove to be useful empiricaldescriptors
of the saccade profile although these functions will not
provide estimates of skewness.
The present technique for measuring saccade profiles,
although potentially useful, suffers from a number of
limitations.First, the range of saccade amplitudeswhich
can be measured is limited by the size of the SLO laser-
beam raster. The raster of the RodenstockSLO used for
our experiments has a horizontal dimension of 30 deg,
hence it is difficultto measure saccadesmuch larger than
this. Nevertheless, the c. 30 deg range may be sufficient
for many basic and clinical needs. Second, only
horizontal saccades can be measured because the retinal
feature distortion occurs only for structures moving
parallel to the horizontal laser beam scan. In principle,
vertical saccades could also be measured by rotating
either the raster or (conceivably) the subject by 90 deg.
Horizontal and vertical saccade profiles cannot be
determined simultaneously, however. Third, for large
saccade amplitudesit is necessaryto dilatethe pupil since
large angulardeviationsof the eye causevignettingof the
laser beam as it enters the eye. Fourth, analysis of
digitizedvideotaped SLO frames is tedious, requiringon
the orderof 100measurementsfor each saccadeprofile.It
may be possible,however, to speed up this procedureby
taking images directly with a frame grabber that saves a
series of images and using image enhancement techni-
ques coupled with edge detecting algorithmsthat would
draw a line along the edge of the vessel. This kind of
image processing might also help improve the angular
resolution of saccade measurements by avoiding the
noise introduced into the fields through videotaping.
Finally, since the reproduction of the retina within the
SLO raster is nonlinear and depends on the size and
orientation of the eye, each measurement must be
preceded by a calibration procedure as described in the
Methods section.
Despite the drawbacks mentioned above, there are
several marked advantages to the SLO technique
described here. First, there is no contact with the eye as
there is with eye movement recording techniques of
greatest fidelity (optical-lever,and search-coilmethods).
Furthermore, there is no limit to the time a subject can
participate as there is with methods requiring attachment
to the eye, and there is no risk of injury to the anterior
surface of the eye. Second, because there is no contact
with the eye, the potential for mechanical distortion of
measured eye movements from attached devices is
eliminated. Third, the “bandwidth” of the system is
quite high. Blood vessel position is sampled once every
64 ~sec, corresponding to a frequency of 16 kHz or a
bandwidth(Nyquistfrequency)of 8 kHz. Fourth, a major
advantage of the SLO is the ability to correlate
oculomotor behavior with retinal stimulus position or
retinal pathology which is difficult or impossible with
other techniques.FinalIy,the SLO is increasinglyused in
both clinical and basic vision research for retinal
imaging, visual psychophysics, studying laser effects,
measuringblood flow, and studyingthe pathophysiology
of retinal disease. The ability of a single instrument to
perform a multitude of eye and vision research related
tasks may have some economic advantages.
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APPENDIX
This appendixdescribes an approximatebut relatively fast way of
determining saccade velocity which might be convenient for clinical
work. The instantaneousvelocity can be obtained by comparingonly
two video fields, one imaging the stationary vessel and the other the
movingvessel. Fig. 8 showsa single video field which containsboth a
stationary and a moving vessel sharing a common end point. Along
raster line yl, the moving vessel is shifted relative to the stationary
vessel by AX(Y1) = (xl —x’) after At= 64 psec x (j, —yo)wherey. is
the raster line that contains the commonend point of the two vessels.
Thevelocity is thus Ax(y,)/Atpixels/seeor, using the calibrationfactor,
~, A@/Atdeg/sec. Note that the time interval [and therefore (y, –y,)]
should not be chosen too small because, if the vessel shifts only few
y-o. ----------- ‘ok’)stationary vesselmoving vesselYI tl.------------- ;-- ----------
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FIGURE8. Schematicplot of a videofieldcontainingtwo segmentsof
the same retinal blood vessel, one obtained for the stationary eye and
the other during a saccade. While the scan line propagates fromy. to
YI, the moving bloodvessel shifted the distance xl –x’. Because the
horizontaland vertical width of the digitized field can be calibrated to
the total horizontalangle @of the SLOraster and the propagationtime
T; of the laser beam respectively, the instantaneous velocity of the
vessel can be calculated from the pixel coordinates of the described
end points (see Appendix).
pixels, (xl –x’) s 1, the measurement becomes invalid due to large
errors. The approximationintroducedwith this metbod is the use of a
coarse time raster and therefore the assumption of piecewise linear
saccade velocity profiles.
